INTRODUCTION
The cerebral cortex is a central region in the brain that controls high-level cognitive functions (Geschwind and Rakic, 2013) . During evolution, the cortex has undergone an enormous expansion that mostly accounts for the increase in brain size across mammalian species (Finlay and Darlington, 1995) . Because the cerebral cortex is a laminar sheet of tissue, its expansion coincides with the formation of folds consisting of gyri and sulci. Based on cortical folding, mammals can be classified into gyrencephalic species (such as ferrets and most primates), which have folded brains, and lissencephalic species (such as mice), which have smooth-surfaced cortices.
Mechanistically, cortex folding is promoted by regional cortical growth together with tangential expansion (Borrell and Gö tz, 2014; Borrell and Reillo, 2012; Reillo et al., 2011) . This model is based on the finding that one of the germinal zones of the cortex, the subventricular zone (SVZ), is subdivided into an inner (ISVZ) and outer (OSVZ) subventricular zone in gyrencephalic but not in lissencephalic species, (Reillo et al., 2011) . The OSVZ is a proliferative region that contains transit-amplifying basal progenitors (BPs) that expands concomitant with the onset of cortical folding (Hansen et al., 2010; Lui et al., 2011) . Recent observations have shown that local amplification of BPs can lead to gyrus formation in the smooth mouse cortex (Florio et al., 2015; Rash et al., 2013; Stahl et al., 2013; Wang et al., 2016) , whereas a decrease of the BP pool reduces the gyrification index in the ferret (Reillo et al., 2011; Toda et al., 2016) , indicating that expansion of BPs represents a key event to induce gyration of the mammalian brain. Interestingly, new findings have challenged this model regarding its predictive power on the gyration of the cortex. Recent studies have shown that increasing proliferation of BPs in the mouse SVZ per se increased the cortical thickness or surface but was not sufficient to cause gyrification (Nonaka-Kinoshita et al., 2013; Thomson et al., 2009; Wagenfü hr et al., 2015) . Notably, the prevailing hypothesis proposes that it is the combination of BP amplification with divergent radial migration that contributes to the expansion of the cortex in radial and tangential axes and then its folding (Borrell and Reillo, 2012; Ferná ndez et al., 2016; Lui et al., 2011; Reillo et al., 2011) . According to this model, migrating neurons do not follow strictly parallel pathways but, instead, follow divergent trajectories, dispersing in the lateral axis, which leads to tangential cortical expansion and folding. Failure in neuronal migration causes severe abnormalities in cortical folding that result in human lissencephaly (Moon and Wynshaw-Boris, 2013) . Moreover, recent findings directly support the radial divergence hypothesis by showing that, in the ferret cortex, migrating neurons do not follow strict radial pathways but, instead, follow more tortuous migration routes concomitant with the start of cortical folding (Gertz and Kriegstein, 2015) . However, molecular mechanisms that affect neuronal migration and modulate this trajectory divergence, resulting in cortex folding, have not been found. Moreover, no mouse gene has yet been identified whose genomic or global modification (rather than acute and local) favors folding of the smooth mouse cortex. Previously, we have established that genetic ablation in mice of FLRT3, a member of the fibronectin leucine rich-repeat transmembrane protein (FLRT) family of cell adhesion molecules, leads to altered distribution of pyramidal neurons during cortical development, forming a repeated pattern of clusters along the tangential axis (Seiradake et al., 2014) . FLRTs have the unique property of acting as adhesion molecules by homophilic and heterophilic binding to Latrophilin proteins and as repellents by binding to Unc5/Netrin receptors (Jackson et al., 2015 (Jackson et al., , 2016 Yamagishi et al., 2011) . Here we report that genetic ablation of FLRT1 and FLRT3 leads to the development of macroscopic cortical sulci during embryogenesis. Mechanistically, this process happens independent of progenitor cell amplification. Instead, we found that cortical neurons display reduced intercellular adhesion, faster neuronal migration, and clustering along the tangential axis, thereby leading to sulcus formation in the normally smooth mouse neocortex. Our results suggest that intercellular adhesion of migrating cortical neurons is a key factor underpinning folding of the cerebral cortex.
RESULTS

FLRT1 and FLRT3 Control the Lateral Dispersion of Pyramidal Neurons
Expression analysis of FLRTs in the developing cortex from embryonic day 13.5 (E13.5) to E17.5 ( Figures 1A and 1B and Figures S1A-S1C and S1F) revealed a partial overlap between FLRT1 and FLRT3 in both the intermediate zone (IZ) and cortical plate (CP), whereas FLRT2 was confined to the CP. In cultures of dissociated cortical neurons from E15.5 embryos, approximately 30% were FLRT3-positive, and, among those, 35% co-expressed FLRT1 ( Figure 1C ). This finding was consistent with a molecular identity analysis from the E15.5 mouse cortex that also revealed strong enrichment of both FLRT1 and FLRT3 in migrating upper cortical neurons among other cell types (Figures S1D and S1G) . To investigate whether FLRT1 plays a role in pyramidal neuron migration, possibly in a functionally redundant fashion with FLRT3, we generated double knockout mice lacking FLRT3 in developing neurons and progenitors and FLRT1 in all cells (Flrt1 Figure 1D ), which revealed extended fluctuations in the density of Flrt1/3 DKO neurons compared with Flrt3 CKO and Flrt3 heterozygous neurons ( Figure 1E ). To test whether the repeated pattern of cell clusters extended to the upper CP, we performed a distance-based clustering analysis, using as input the coordinates of X-gal-positive neurons populating the upper CP. We observed clustering of neurons in the upper CP of Flrt1/3 DKO following a pattern of approximately 75-to 120-mm intervals, in line with the pattern present in the lower CP (Figures 1G and 1H) . This suggests that the altered localization and clustering of cells in the Flrt1/3 DKO extended into the upper CP, where cells normally spread laterally to form cortical layers. Taken together, these results indicate partially redundant roles of FLRT1 and FLRT3 in controlling the tangential distribution of pyramidal neurons during cortical development.
Flrt1/3 CKO Mice Develop Cortical Sulci
Upon further inspection of Flrt1/3 DKO embryos, we found that, in 33% of the cases, the clustering of upper CP neurons at E15.5 correlated with the formation of an incipient sulcus in the otherwise smooth mouse neocortex ( Figure 2A ; Figures S2A and S2B). These cortical sulci developed on the lateral side of the cortex from intermediate to caudal levels where the repeated pattern of neuronal clusters was present in mutant embryos (Figures 2B and 2C) , suggesting that these processes were causally linked. At later stages of cortical development (E17.5), cortical sulci were found in Flrt1/3 DKO embryos, with a similar penetrance of 31% ( Figure S2C ). They showed considerable phenotypic variability between embryos, ranging from shallow to deep sulci that were easily visible in intact brains after removal of the meninges ( Figures 2D and 2E ). Because cortical folding is not a random process but, rather, forms stereotyped patterns in gyrencephalic species (Borrell and Reillo, 2012) , we determined the spatial distribution of sulci at E17.5. We used a kernel density estimator based on the location of sulci in coronal sections and plotted it onto a 3D mouse brain template. This analysis revealed that the left hemisphere had a higher probability of developing sulci and that they were mostly located between the perirhinal and postrhinal cortices of the mouse, close to the rhinal fissure (Beaudin et al., 2013; Figure 2F ; Movie S1). In contrast, the right hemisphere developed sulci in rostro-medial cortical regions where clusters were not visible, suggesting that other mechanisms might also participate (F) 3D mouse brain (template from the Allen Mouse Brain Atlas) with cortical areas displaying cell clustering in Flrt3 CKO (green area) and Flrt1/3 DKO (blue area) at E15.5. (G) X-gal staining of coronal sections from E15.5 Flrt3 heterozygous and Flrt1/3 DKO embryos. Cell clusters in the upper CP were identified based on the position of individual X-gal+ neurons (areas in dashed rectangles are shown with higher magnification on the right) using a distance-based clustering method (a cluster was defined as a minimum of 25 cells spaced less than 20 mm). Cluster identification is as follows. Neuron clusters in Flrt1/3 DKO embryos are marked with different colors (red, green, and blue; ''Clus''), and centroids of each cluster (cnt) are shown in the same color. Neurons that are not clustered are colored in gray. (H) Quantification of the number of clusters and the distance between them from the data shown in (G) ; n = 3-5 mice/group; ***p < 0.001, unpaired Student's t test. Whiskers in the box plot represent minimum and maximum. The data are presented as mean ± SEM. Scale bars represent 150 mm (B), 14 mm (C), 300 mm (D), and 50 mm (G). in this process ( Figure 2G ; Movie S1). The variability in sulcus location may have to do with the absence of gene expression microdomains. These structures play an important role in the generation of gyri/sulci at specific locations and are present in the developing cortex of gyrencephalic species such as the ferret but not in the lissencephalic mouse (de Juan Romero et al., 2015) . Sulci were also found in postnatal stages of Flrt1/3 DKO mice (penetrance, 24%) ( Figure 2H ; Figures S2D and S2E ), indicating that these were not transient embryonic structures. The examination of single mutant brains revealed that Flrt1 KO, but not Flrt2 or Flrt3 CKO, brains showed sulcus formation, albeit with lower penetrance (12%-16%; Figures S2C and S2D ). In addition, Flrt2/3 DKO brains rarely showed sulcus formation (1 in 13), suggesting that Flrt1 plays a major role in the phenotype ( Figures S2C and S2F ). The morphologies of the sulci in Flrt1 KO brains were comparable with those observed in Flrt1/3 DKO brains ( Figure S2G ), suggesting that the underlying mechanisms were similar. These results indicate that FLRT1 and FLRT3 have partially redundant functions in the formation of a smooth neocortex.
Cortical Sulci Develop Independent of Cell Proliferation
As a first step toward understanding the mechanism involved in sulcus formation in Flrt1/3 DKO brains, we analyzed cell proliferation in brain sections at different stages of cortical development by quantifying the numbers of apical (Pax6+) and basal (Tbr2+) progenitors (Englund et al., 2005) . We also stained for the phosphorylated forms of vimentin (Pvim) and histone H3 (PH3) that label dividing radial glial (RG) and mitotic cells, respectively (Pilz et al., 2013 Figure 3D ; Figures S3D, S3H , and S3L), and the numbers of dividing basal RG cells were less than 5% in all experimental groups (data not shown). Quantification of total cell nuclei (stained with DAPI), Pax6+ and Tbr2+ progenitor cells, and short pulses of BrdU did not reveal significant increases in Flrt1/3 mutant brains ( Figure 3C ; Figures S3C, S3G , S3K, and S3M-S3Q), suggesting that cortical sulci develop independent of changes in cell proliferation.
Next we explored alternative mechanisms underlying sulcus formation, such as alterations in the RG fiber scaffold, basement membrane formation, and Cajal-Retzius (CR) cell development. Tracing of individual RG fibers in Flrt1/3 DKOs based on brain lipid-binding protein (BLBP) staining showed that RG processes located in sulcus areas reached the marginal zone (MZ), similar to control regions, even when sulci were very deep ( Figure 3E ; Figure S4A ). The overall densities and lengths of RG processes in sulcus areas did not differ from adjacent regions ( Figure S4B ). The curvature index of RG processes was significantly higher in sulcus areas because of the convergence of fibers at sulcal pits ( Figures 3E and 3F ), similar to those reported in classic descriptions of gyrencephalic species such as ferrets and monkeys (Rakic, 1972; Smart and McSherry, 1986) . Remarkably, the basal membrane was intact in seven of eight mutant brains ( Figures  S4C and S4D ), suggesting that these sulci were not the result of neuronal ectopias as observed in cobblestone lissencephaly (Devisme et al., 2012) . Because CR cells originating from the cortical hem (CH) express both FLRT1 and FLRT3 ( Figures  S4E-S4G ), we also explored whether loss of FLRT1/3 affected CH-derived CR cell migration. We found that the distribution and density of CR cells in the MZ of sulcus areas in mutant brains appeared normal ( Figure 3E ), even in dramatic cases where the MZ followed the depth of the sulcus ( Figure S4A ). These results suggest that cortical sulci in Flrt1/3 DKOs are not the result of alterations in RG scaffold, basal membrane formation, or CR cell development.
FLRT1/3-Deficient Pyramidal Neurons Reach Upper Cortical Layers Faster
Given the lack of strong alterations in progenitors and glial cells, we next asked whether sulcus formation correlated with changes in the migration and distribution of pyramidal neurons. Cortical layering seemed well preserved in sulcus areas of Flrt1/3 DKO compared with controls ( Figure 3G ), but layer thickness was reduced, particularly in the lower CP ( Figures S4H and  S4I ), similar to those reported in gyrencephalic species such as the ferret (Smart and McSherry, 1986) . Notably, the proportion of Cux1+ neurons (Nieto et al., 2004) in the upper versus lower CP was significantly higher in sulci with respect to adjacent areas ( Figures 3H and 3I) . Similar results were obtained after bromodeoxyuridine (BrdU) pulse labeling of newborn pyramidal neurons at E14.5 and analyzing their distribution in the CP at E17.5 ( Figures S4J and S4K ). These results suggested that either FLRT1/3-deficient pyramidal neurons migrated faster through the cortical plate, thereby causing sulcification, or that sulcification provided a shorter migration distance compared with nonsulcus areas, resulting in a higher proportion of cells in the upper CP. Given that only a portion of migrating neurons expressed FLRT proteins, we next analyzed the distribution of FLRT3-deficient (b-gal+) neurons and compared non-sulcus areas of Flrt1/3 DKOs with controls. We found that the proportion of cells in the upper CP was higher in Flrt1/3 DKOs ( Figures 3J and 3K) . These results suggest that FLRT1/3-deficient pyramidal neurons migrate faster through the cortical plate than FLRT1/3-expressing neurons.
Lack of FLRT1/3 Increases Migration Speed
To obtain direct evidence for changes in the migration speed of cortical neurons, we performed live imaging of embryonic cortices ex vivo. Control and Flrt1/3 DKO brains were sliced and imaged 48 hr after electroporation with pCAG-CRE and the Cre reporter pCALNL-DsRed to visualize migrating cells. This approach (Cre electroporation into Flrt1/3 DKO embryos) was chosen over Cre electroporation into Flrt1
brains because the latter approach did not reliably induce sulci compared with control brains, presumably because of the low abundance of electroporated cells (data not shown). A caveat of the former approach was that only a subset of Cre reporterpositive cells expressed FLRT proteins because these brains also contain many non-FLRT-expressing cells ( Figure 4A ; Figures S5A and S5B) . Hence, a large proportion of Cre reporterpositive cells in Flrt1/3 DKO brains were not directly affected by the Flrt1/3 mutations, thereby potentially masking subtle defects. Individual Cre reporter-positive neurons entering the CP from the IZ were tracked and processed using a custom Python algorithm that allowed us to quantify migration parameters and to color-code portions of each track based on migration speed ( Figure 4B ). Overall, Cre+ cells in Flrt1/3 DKO neurons displayed parallel and straight paths ( Figure S5C ), except in rare cases when migrating through a forming sulcus, where they displayed convergent paths ( Figure S5D ; Movie S2). Similar to controls, Cre+ neurons exhibited the stereotypic RG-based locomotor pattern with high speeds (>32 mm/h) in the middle of the CP and decreasing speeds toward the upper CP (Kawauchi, 2015; Tabata and Nagata, 2016; Figure 4C ). Given that Cre+ cells in Flrt1/3 DKO neurons showed trends toward higher maximum speed and acceleration, we analyzed their speed profiles. These results revealed an increased proportion of high-speed segments (>58 mm/h) in Flrt1/3 DKO compared with control brains ( Figure 4D ; Figures S4E and S4F ). Plotting the relative frequencies of the maximum migration speeds revealed that the fraction of cells reaching >70 mm/h was significantly increased in Flrt1/3 DKO brains compared with controls (19% versus 12%) ( Figure 4E ). These results suggest that Flrt1/3 mutant neurons reached higher speeds more often than control neurons.
To assess the morphologies of individual Flrt1/3 mutant neurons, we sparsely labeled Flrt1/3 DKO neurons in an otherwise control background by introducing Cre and a Cre reporter into Flrt1
Flrt3
lox/lox brains using the Supernova system, which makes use of a leaky Tet promoter driving Cre expression in few cells (Mizuno et al., 2014 ; Figure 4F ). The general complexity of mutant neurons populating the lower CP appeared similar to those observed in control sections, as assessed by Sholl analysis (data not shown). When categorizing the neurons according to increasing maturity into multipolar, unipolar and bipolar neurons, and ''bipolar branched'' morphologies ( Figure 4F ), we observed a significant shift toward immature morphologies in the upper CP of Cre-induced Flrt1/3 mutant neurons compared with controls ( Figure 4G ). Thus, ablation of FLRT1/3 increases the abundance of immature neurons in the upper cortical plate.
Modeling Clustering and Speed Profiles of Flrt1/3 DKO Neurons So far our analysis suggested a model in which increased migration speeds of Flrt1/3 mutant neurons and/or the formation of cell clusters in the CP could be causal to sulcus formation ( Figure 5A ). To test this hypothesis, we performed data-driven computational modeling of neurons migrating through the CP. We took the following points into consideration. Both FLRT3 gain-and loss-of-function experiments in vivo revealed a repeated pattern Based on these considerations, we established two rules for the computational model: the sine equation modeled from gain-of-function experiments reflected the attraction forces of FLRT1/3+ neurons, and the sine equation from loss-of-function experiments represented the repulsion forces that FLRT1/3+ neurons are exposed to from surrounding cells. We distributed particles representing FLRT1/3-positive and -negative cells in a 2D grid, keeping equal distances and homogeneous distributions as observed in Flrt1/3 heterozygous control sections. Particles representing FLRT1/3+ neurons showed attraction between them (first rule), whereas surrounding particles elicited repulsion toward them (second rule) (Figure 5C) . To analyze the behavior of the particles during movement, particles were set to move along the z axis, and both speed and attraction-repulsion forces were random within a small range (ε) to mimic the fluctuations present in biological systems (Wilkinson, 2009). The attraction force was modulated by changing its amplitude and phase with respect to the repulsive force, which was kept constant under all conditions to reflect FLRT1/3 gain-and loss-of-function experiments ( Figure S6C ). Kernel distribution and minimum neighbor analysis of particles representing FLRT1/3+ neurons showed homogeneous distribution of particles when attraction and repulsion forces were balanced ( Figures 5D and 5E ). In contrast, particle clustering was observed when the attraction between particles was either high or low (Figures 5D and 5E; Figure S6D ), which was consistent with the formation of neuronal clusters when FLRT1/3 were overexpressed or downregulated in vivo. Interestingly, the distribution of particles in the z axis was also influenced by attraction and repulsion forces. Under both high and balanced attraction conditions, the particles formed a smooth surface after moving along the z axis. Conversely, the low attraction paradigm resulted in a wavy surface because of an increased proportion of particles moving with high speed, reminiscent of the live imaging experiments with Flrt1/3 DKO sections ( Figures 5F and 5G ).
Taken together, the low attraction paradigm of the computational model matched the experimental observations with Flrt1/3 DKO mice rather well by generating particle clusters, increasing particle migration speed, and producing a wavy surface area.
FLRT Expression in Gyrencephalic Species
Given that FLRT1/3 ablation promoted sulcus formation in the normally smooth mouse neocortex, we set out to analyze endogenous FLRT1/3 expression in gyrencephalic species such as ferret and human. We hypothesized that FLRT1/3 expression levels may be generally low in gyrencephalic species to permit folding or relatively less abundant in sulcus than in gyrus areas. The ferret cortex is nearly lissencephalic at birth and undergoes complex and stereotyped postnatal folding (Reillo et al., 2011; Smart and McSherry, 1986) . We analyzed ferret FLRT1/3 expression prior to morphological distinction of the prospective splenial gyrus and its adjacent lateral sulcus because previous studies have successfully identified genes involved in cortical folding in these regions (de Juan Romero et al., 2015 ; Figure S6E ). In situ hybridization (ISH) for Flrt1/3 revealed that both genes were mainly expressed in the CP, ISVZ, and OSVZ and, to a lesser extent, in the IZ at post-natal day 0 (P0) and P6 (Figures 6A and 6B; Figures S6F and S6G) . Quantification of the expression levels revealed that both FLRT1 and FLRT3 were significantly less abundant in the cortical area that will form the lateral sulcus compared with the splenial gyrus ( Figures 6C and 6D ).
To study FLRT expression in human embryos, we used RNA sequencing (RNA-seq) data from three different sources. We first compared mouse FLRT1 and FLRT3 mRNA expression levels in E14 neocortex (subdivided into medial and lateral portions; (Wang et al., 2016) with RNA-seq data from human embryonic cortex at 12-19 post -conception weeks (pcw) (http://www. brain-map.org) normalized to the housekeeping gene GAPDH ( Figures S6H and S6I ). There were consistently higher levels in mouse cortex compared with a number of different cortical regions in human samples. Second, we analyzed mouse and human FLRT1 and FLRT3 normalized to GAPDH in different cortical layers (Fietz et al., 2012; Figures 6E and 6G) . The abundance of mouse FLRT1 and FLRT3 mRNAs in the SVZ region ranged between 24%-49% of GAPDH, whereas the levels of human FLRT1 and FLRT3 ranged between 1%-3% of GAPDH (the human ISVZ (D) . n = 10 computer simulations comprising 480 particles. ***p < 0.001, one-way ANOVA test with Tukey's post hoc analysis. (F) Distribution of particles on the z axis after computer simulations. Note that both high and balanced attraction conditions result in a uniform surface, whereas low attraction conditions produce a wavy surface after computer simulations. (G) Frequency distribution of speed profiles of particles shown in (F) . Rectangles indicate low (plain) and high (pattern) speed profiles, and their relative fractions are shown on the right. **p < 0.01, ***p < 0.001, chi-square contingency analysis. The data are represented as mean ± SEM. and OSVZ were combined). Relatively higher levels of mouse FLRT1 and FLRT3 were also seen in the CP. Higher levels of mouse FLRT1, but not FLRT3, were seen in the VZ. Normalizing FLRT1 and FLRT3 expression to another housekeeping gene (PGK1) gave similar results ( Figures S6J and S6L) . Third, we compared FLRT1/3 expression in apical and basal RG and migrating neurons in human and mouse (Florio et al., 2015; Figures 6F and 6H; Figures S6K and S6M) . FLRT1 and FLRT3 expression in the mouse was highest in migrating neurons and basal RG cells, which are the mouse homologs of the outer RG cells found in gyrencephalic species (Borrell and Gö tz, 2014) . Notably, FLRT1/3 levels in these cells were much higher in mouse than in human cortex. Given the high levels of FLRT1/3 in basal RG cells, we also asked whether the fraction of pvimpositive cells that display a basal radial glia-like morphology was altered in the FLRT1/3 DKO mice. This was not the case ( Figures S6N and S6O) , providing more evidence for lack of basal radial glia involvement in the FLRT KO phenotype. Overall, these results revealed an inverse correlation between the presence of cortical folds/sulci and FLRT1/3 levels. Thus, the human neocortex expresses lower levels of FLRT1/3 compared with the mouse neocortex, and, in the ferret cortex, FLRT1/3 expression levels are less abundant in prospective sulcus than in gyrus areas.
DISCUSSION
In this study, we have identified FLRT1 and FLRT3 adhesion molecules as regulators of mammalian cortex folding. Genetic ablation of Flrt1/3 in mice resulted in the formation of macroscopic cortical sulci that were maintained post-natally. These anatomical changes did not require progenitor cell amplification but, rather, correlated with changes in the behavior of migrating cortical neurons. Lack of FLRT1/3 reduced intercellular (E and G) and specific cell types, including apical radial glia cells (aRG), basal radial glial cells (bRG), and migrating neurons (F and H) . FLRT sequencing data were normalized to housekeeping genes, including GAPDH (this figure) and PGK1 ( Figures S6J-S6M ). Whiskers in the boxplot represent minimum and maximum; unpaired Student's t test, **p < 0.01, ***p < 0.001, ****p < 0.0001.
adhesion, enhanced neuron clustering along the tangential axis, and mildly accelerated radial migration, resulting in a larger proportion of immature neurons reaching the upper cortical plate during late embryogenesis. These findings suggest that regulation of intercellular adhesion of migrating neurons is critical for sulcus formation in the cerebral cortex. Moreover, our expression analysis of FLRT1 and FLRT3 in gyrencephalic species revealed an inverse correlation between FLRT1/3 levels and sulcus formation, supporting a model by which increased abundance of FLRT1/3 levels during evolution led to the smoothing of an ancestral folded cortex. Therefore, Flrt1/3 DKO mice are an interesting genetic model to study the cellular and molecular mechanisms of cortex folding induced by migrating neurons independent of progenitor amplification.
Mechanisms of FLRT1/3 Function
Flrt1/3 DKO mice are a unique genetic mouse model in which the cortex is folded without increases in neurogenic progenitor cells and basal radial glia. The lack of effects on neurogenic progenitor cells in Flrt1/3 DKO is consistent with the lack of FLRT1/3 expression in apical or BPs ( Figure 1 ; Figure S1 ; data not shown). Previous work in lissencephalic mice linked the expansion of the BP pool to gyrus formation (Florio et al., 2015; Ju et al., 2016; Rash et al., 2013; Stahl et al., 2013; Wang et al., 2016) . In the gyrencephalic ferret, cortical regions with abundant BPs are more likely to develop into a gyrus than regions with fewer BPs (de Juan Romero et al., 2015; Reillo et al., 2011) . Ectopic expansion of the BP pool in the ferret generates additional gyri (Masuda et al., 2015; Nonaka-Kinoshita et al., 2013) , and its reduction has a stronger effect on cortical layering of gyri than sulci (Toda et al., 2016) . The absence of BP pool expansion and of increases in neuron numbers in folded regions of Flrt1/3 DKO mice suggests that the folds do not represent radial expansions and gyrus-like structures but, rather, furrows and sulcus-like structures. FLRT1 and FLRT3 regulate the tangential distribution of cortical neurons. Lack of FLRT1/3 leads to transient neuron clustering in the embryonic cortical plate, and this process is spatially correlated with sulcus formation in early embryonic stages, suggesting that the two events are causally linked. Linking cortical folding to cell clustering and lowered intercellular adhesion may not be without precedent. Overexpression of the hominoid-specific gene TBC1D3 in the mouse brain leads to cortical folding and increased generation of basal progenitors (Ju et al., 2016) . TBC1D3-expressing cells show decreased levels of the adhesion protein N-cadherin and exhibit a clustered distribution reminiscent of cell clustering in Flrt1/3 DKO brains. Although the authors of that study concentrated mainly on the link between cell proliferation and cortex folding, our computational model suggests that reduced intercellular adhesion and cell clustering may be a salient feature of TBC1D3-induced cortex folding.
The horizontal layers of the mammalian cortex are organized in cortical columns that contain closely related neurons. Clonal studies of cortical migration show that, in rodents, cortical neurons mostly migrate radially along a single parent RG fiber (Noctor et al., 2001) ; however, in folded brains like those of the ferret or macaque, migrating neurons show increased cellular dynamics and exploratory behavior, including increased lateral dispersion (Kornack and Rakic, 1995; Ware et al., 1999) , but the mechanisms controlling this process are largely unknown. Our findings suggest that neuron clustering along the tangential axis in Flrt1/3 DKO mice resembles the lateral dispersion observed in gyrencephalic species. This raises the interesting possibility that the underlying mechanisms may be similar. Neuron clustering in Flrt1/3 DKO mice is likely the result of reduced intercellular adhesion, which alters the delicate balance of adhesion/repulsion required for cell migration (Cooper, 2013; Solecki, 2012 ). This conclusion is supported by our computational model, which shows that changes in the balance of adhesion/repulsion alter the distribution of cells from a uniform saltand-pepper distribution to a clustered pattern. Hence, the increased lateral dispersion of cortical neurons in gyrencephalic brains may be the result of lowered intercellular adhesion.
The clustering mechanism alone is not likely to cause cortex folding because other mouse models with altered tangential neuron distribution do not show cortex folding (Dimidschstein et al., 2013; Torii et al., 2009 ). Our findings suggest that Flrt1/ 3 DKO mice combine neuron clustering with increased migration speed and that this combination underlies sulcus formation. Similar to neuron clustering, increased migration speed may also be caused by reduced intercellular adhesion. This is suggested by our computational model, by previous mathematical models ( DiMilla et al., 1991; Zaman et al., 2005) , and by experimental studies (Lauro et al., 2006) . A higher migration speed may increase the intercalation of neurons in local areas of the upper cortical plate (uCP), which, according to the radial intercalation hypothesis, increases tension and alters tissue elasticity, leading to sulcus formation (Striedter et al., 2015) . We also find that the increased proportion of neurons reaching the upper CP of Flrt1/3 DKO causes a shift toward more immature morphologies. Indeed, previous studies have shown that improper laminar position affects dendritic arborization of cortical neurons (Morgan-Smith et al., 2014) . Whether this also contributes to sulcus formation will have to await further experimental analysis.
Evolutionary Considerations
The finding that lack of FLRT1/3 favors sulcus formation in the normally smooth mouse neocortex raised the question to what extent FLRT1/3 proteins are relevant for regulating cortical folding during evolution. Some studies suggest that the most recent common mammalian ancestor was gyrencephalic (Lewitus et al., 2014; O'Leary et al., 2013) , and it was hypothesized that several transitions from gyrencephaly to lissencephaly occurred during mammalian evolution (Kelava et al., 2012; Lewitus et al., 2014 ). This conclusion is supported by the finding that the marmoset, despite being a lissencephalic species, retains neurogenic features characteristic of gyrencephalic neocortices (Kelava et al., 2012) . Although these studies point out that lissencephaly has evolved from gyrencephaly, the mechanisms controlling this process are not known.
Our results suggest that FLRT1/3 expression levels might have participated in the transition from gyrencephaly to lissencephaly. In the wild-type mouse brain, high expression levels of FLRT1/3 promote adhesion between neurons, resulting in coordinated migration and little lateral dispersion, which favors the formation of homogeneous and smooth cortical layers. Conversely, the absence of FLRT1/3 expression reduces adhesion between neurons, allowing them to acquire wide dynamic migratory profiles and a lateral distribution, which are features characteristic of neurons in the ferret at the onset of cortical folding (Gertz and Kriegstein, 2015) . Interestingly, the gyrencephalic human neocortex expresses much lower levels of FLRT1/3 compared with the lissencephalic mouse neocortex, and regions in the ferret neocortex undergoing sulcus formation have lower levels of FLRT1/3 compared with regions developing into a gyrus. Notably, this markedly distinct expression pattern was mainly seen in the OSVZ, which is a key layer involved in cortical folding of gyrencephalic species (Borrell and Gö tz, 2014; Lui et al., 2011) .
Our findings thus unraveled FLRT1/3 as key factors involved in the regulation of cortical migration and sulcus formation. Manipulations of their expression levels have a profound effect on the coordination of cortical migration and lateral dispersion of neurons, which, in turn, influences cortical folding. This scenario provides molecular and cellular insights into the evolution of neuronal migration from gyrencephalic to lissencephalic species.
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Seiradake, E., del Toro, D., Nagel, D., Cop, F., Hä rtl, R., Ruff, T., Seyit-Bremer, G., Harlos, K., Border, E.C., Acker-Palmer, A., et al. (2014) . FLRT structure: balancing repulsion and cell adhesion in cortical and vascular development. 4 well-plate (Thermofisher, catalog 176740) coated with 0.5 mg/ml Poly-D-Lysine (Sigma) and 20 mg/ml laminin (Thermofisher). Neurons were dissociated from cortices of E15.5 Flrt1 lacZ/+ embryos and cultured on coverslips coated with 0.5 mg/ml Poly-D-Lysine in 24 well-plates (Thermofisher, catalog 140675). Explants and neurons were cultured for 1 day in vitro at 37 C, 5% CO2 in Neurobasal medium supplemented with B27 (Invitrogen). Cultures were fixed with 4% Paraformaldehyde for 10 min and processed for immunostaining.
METHOD DETAILS
Immunohistochemistry and enzymatic staining To stain for b-galactosidase activity, mouse brains were fixed for 1.5 hr in 0.2% glutaraldehyde and 1% PFA in PBS (containing 5 mM EGTA, 2 mM MgCl2, and 0.02% NP40). Vibratome sections (50 mm) were stained for b-galacatosidase activity by incubating them for 2-3 hr at 37 C in a 1 mg/ml X-gal solution (Invitrogen) containing 5 mM K 4 Fe(CN) 6 and 5 mM K 3 Fe(CN) 6 . After rinsing, brain sections were counterstained with FastRed (Vector Laboratories).
For immunostaining, cultured cells, explants or embryonic brains were fixed in 4% PFA for $15 min and over-night, respectively. For BrdU staining, sections were pretreated with 2N HCl for 30 min and subsequently neutralized with sodium-tetraborate (Na 2 B 4 O 7 0.1M, pH: 8.5) for 2 3 15 min. Cells and explants were incubated with primary antibodies after 10 min or 1 hr of permeabilization with 1% BSA, 0.1% Triton X-100/PBS, respectively. We used rabbit anti-bIII Tubulin 1/1,000 (Sigma), rabbit anti-Cux1 antibody 1/300 (Santa Cruz), rabbit anti-Tbr1 and anti-Tbr2 1/300 (Abcam), rat anti-Ctip2 1/300 (Abcam), mouse anti-BrdU (Roche), goat anti-FLRT3 1/200 (R&D), anti-phalloidin-Cy3 1/100 (Sigma), goat anti-FoxP2 1/300 (Santa Cruz), mouse anti-Reelin 1/500 (MBL), rabbit anti-laminin 1/300 (Sigma), rabbit anti-Pax6 1/300 (BioLegend), rabbit anti-BLBP 1/300 (Millipore), rabbit anti-Histone H3 1/300 (Abcam), mouse anti-Pvim 1/300 (Abcam), rabbit anti-Calretinin 1/300 (Swant), goat anti-FLRT1/3 1/100 (R&D). The secondary antibodies were Alexa Fluor 488-, 555-and 647-conjugated goat or donkey anti-rabbit/mouse/goat (Molecular Probes 1:400). Samples were imaged using a SP8 laser scanning confocal spectral microscope (Leica Microsystems). Images were taken using a 20 3 (immunohistochemistry) or 40 3 (neuronal cultures, cortical explants) numerical aperture objective with a 1.5 3 digital zoom and 2 Airy disk pinhole.
In utero electroporation assays
In utero electroporation was performed at E13.5 as previously described (Seiradake et al., 2014) on Isoflurane anesthetized C57BL/6 control mice. DNA plasmids were used at 1mg/ml and mixed with 1% fast green (Sigma, final concentration 0.2%). 1 ml of plasmid solution were injected into the lateral ventricle with a pump-controlled micropipette (Picospritzer III). After injection, six 50ms (1 s interval) electric (30V) pulses were generated with electrodes confronting the uterus above the ventricle. The abdominal wall and skin were sewed and the mice were kept until the desired embryonic stage.
Time-lapse experiments
Embryos were electroporated at E13.5 using a combination of pCAG-Cre and pCALNL-DsRed plasmids (Matsuda and Cepko, 2007) . pCALNL-DsRed was a gift from Connie Cepko (Addgene plasmid # 13769) and pCAG-Cre was a gift from Anjen Chenn (Addgene plasmid # 26647). After 48 hr, embryonic brains were dissected in ice cold sterile filtered and aerated (95% O 2 /5% CO 2 ) dissection medium (15.6g/l DMEM/F12 (Sigma); 1.2g/l NaHCO 3 ; 2.9g/l glucose (Sigma); 1%(v/v) penicillin streptomycin (GIBCO)). Brains were embedded in 4% low melting agarose (Biozym) and cut into 300mm thick sections using a vibratome (Leica, VT1200S). Sections were suspended in a collagen mix (64%(v/v) cell matrix type I-A, Nitta Gelatin; 24%(v/v) 5xDMEM/F12; 12%(v/v) reconstitution buffer (200mM HEPES; 50mM NaOH; 260mM NaHCO 3 ) and transferred onto a cell culture insert (Millicell; PICMORG50). Sections were incubated for 10 min at 37 C to solidify collagen. 1.5 mL slice medium (88%(v/v) dissection medium; 5%(v/v) horse serum; 5%(v/v) fetal calf serum; 2%(v/v) B27 supplement (GIBCO); 1%(v/v) N2 supplement (GIBCO)) was added into the dish surrounding the culture insert and incubated for 30 min at 37 C. Before start of time-lapse experiment, culture medium was added on top of the sections to allow objective immersion. Sections were imaged using a 20 3 water immersion objective on a Leica SP8 confocal microscope system equipped with a temperature-controlled carbon dioxide incubation chamber set to 37 C, 95% humidity and 5% CO 2 . Sequential images were acquired every 20 min for 14-60 hr. After imaging slices were genotyped to identify Flrt1/3 DKOs. Single cell movement was tracked using the Fiji plugin ''Manual Tracking.'' Only neurons entering the cortical plate were tracked. Single cell track analysis and plotting was carried out using homemade python scripts. All cells moving less than 4mm/h were considered as not moving.
Nissl Staining
Postnatal brains were fixed in 4% PFA over-night. Vibratome sections (50 mm) were dried on superfrost slides (Thermo Science) overnight at 42 C. Sections were incubated in 1:1 ethanol/chloroform for 2 hr and then rehydrated through 100%, 90%, 75%, 50% and 0% ethanol/distilled water (5min each step). Sections were stained in 0.1% cresyl violet solution for 5 min at 37 C and rinsed quickly in distilled water. Then sections were dehydrated from 0 to 100% ethanol/water (same steps as rehydration) and cleared in histo-clear (National diagnostics) before mounting with DPX mounting medium (Sigma-Aldrich). Images were acquired with Leica M205 FA stereomicroscope and processed with LAS software (version 4.7, Leica).
Cell morphology analysis
Flrt1À/À;Flrt3lx/lx (mutant) or Flrt1+/À;Flrt3lx/+ (control) embryos were electroporated at E13.5. For neuronal sparse labeling we used the SUPERNOVA plasmid system (1mg/ml, pCAG-loxP-STOP-loxP-RFP-ires-tTA-WRPE; 300ng/ml, pTRE-Cre (Mizuno et al., 2014) . After 3 days, embryonic brains were collected, fixed in 4% PFA over-night and vibratome cut into 100mm sections. For single cell morphology analysis in the lateral cortex only posterior sections were used. Single cell morphology was reconstructed and analyzed using ImageJ (version 1.49) and RStudio (version 0.98.1091, RStudio) .
BrdU analysis
Pregnant females were injected intraperitoneally with 0.15-0.2ml of 10mg/ml 5-bromo-2 0 -deoxyuridine (BrdU, Sigma-Aldrich) dissolved in PBS. This thymidine analog is incorporated during S-phase of the cell cycle. Pregnant females received a single injection of BrdU (final concentration 50 mg per g of mouse weight) at E14.5 and were sacrificed at E17.5, or at E12.5 (1.5 hr prior to sacrifice, short BrdU pulse analysis). Brains from the offspring were removed, fixed overnight with 4% PFA, and processed for immunohistochemistry.
Computer modeling A sine curve was fitted to the normalized intensity profiles of GFP expression (GOF experiments overexpressing FLRT3 (Seiradake et al., 2014) ) and Xgal staining (LOF experiments) after subtracting average intensity value (bs, basal subtraction) to center curves along the y axis at 0 position using the curve fitting tool from MATLAB (Mathworks, Inc). The sine equation contained one term as follows: Curve = Asin(lx+f), where A is the amplitude, l the frequency and f the phase. Sine fitting revealed no statistically significance in the frequency (l) between GOF and LOF fitted curves ((l, 0.55-0.12 range value) but a difference in their amplitude (A, GOF: 41.41, LOF: 56.74 ) from 4-6 independent experiments. The strength of both curves was adjusted with the term k,which was 1/3 for the repulsion curve (LOF experiments) and from 1 to 1/5 for the attraction curve (GOF experiments) in order to mimic high attraction (1 and 1/2), balanced (1/3 equal to repulsion curve) and low attraction (1/4 and 1/5) conditions. The basal subtraction value (bs) used for fitting both curves was added to the equations together with the noise factor ε, which ranged randomly from À10 to 10. The complete equation for both curves used for particle simulation was: curve = k½A sinðlx + fÞ + bs + ε:
Particle distribution and analysis was carried out in MATLAB using the particle system toolbox, MATLAB particles version 2.1 (Buchholz, 2009) . Particles representing FLRT1/3+ cells were arranged in a matrix of 6 rows and 36 columns spaced by 0.2 units and were given an attraction toward neighboring particles in both axes based on their x axis position using the fitted attraction (GOF) curve. Particles representing FLRT1/3 negative cells where arranged in a matrix of 5 rows and 35 columns that were shifted 0.1 units in both X/y axis with respect to the previous matrix to keep the same distances between particles of both matrices. These particles were set to repel neighboring particles from the previous matrix (which represents FLRT1/3+ cells). Their repulsion force was set based on their x axis position using the fitted repulsion (LOF) curve and multiplying the result by À1 (negative force). All particles received random speed (ranging from 6 to 12 arbitrary units) for moving along the Z axis and were simulated during 100 frames (0.001 units step time). After simulation, the position of every particle representing FLRT1/3+ cells (first matrix) was retrieved and analyzed based on minimum neighbor distance and 2D kernel distribution which determines density of particles based on total counts per region (total area was divided in 4x4 regions). Particle speed was calculated based on number of frames and final position of each particle, which was also represented in 3D by using surface plot (MATLAB).
in situ hybridization For ISH, new ferret probes were designed and cloned based on Flrt1/3 DNA sequences from Ensembl.org data. The designed primers to perform the PCR from ferret cDNA were the following: Flrt1-foward TCAGCGTGCAGGTCATCTAC, Flrt1-reverse GCAGC CACAGGAGGTTACAG, Flrt3-foward TCTCCGACTGCTTTTCCTGT and Flrt3-reverse TATTCATTGCGTTCCCCTGT. Sense and antisense cRNA probes were synthesized and labeled with digoxigenin (DIG; Roche Diagnostics) according to the manufacturer's instructions. Briefly, 50 micron-thick frozen ferret brain sections were hybridized with DIG-labeled cRNA probes overnight in hybridization solution [50% formamide (Ambion), 10% dextran sulfate, 0.2% tRNA (Invitrogen), 1 3 Denhardt's solution (from a 50 3 stock; SIGMA), 1 3 salt solution (containing 0.2 M NaCl, 0.01 M Tris, 5 mM NaH2PO4, 5 mM Na2HPO4, 5 mM EDTA, pH 7.5)]. After sections were washed, alkaline phosphatase-coupled anti-digoxigenin Fab fragments were applied. For visualization of the labeled cRNAs, sections were incubated in nitroblue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) solution [3.4 ml/ml from NBT stock and 3.5 ml/ml from BCIP stock in reaction buffer (100 mg/ml NBT stock in 70% dimethylformamide; 50 mg/ml BCIP stock in 100% dimethylformamide; Roche)]. Brain sections were processed for the detection of Flrt1 and Flrt3 mRNA using aforementioned probes, and developed in parallel and for an identical length of time. Digital images were obtained from equivalent rostro-caudal levels and latero-medial positions and with identical exposure settings. Color information was eliminated from images, and the brightness of signal above background noise was measured using ImageJ software. For each gene, 2 measurements per section, 3 sections per embryo were analyzed.
RNaseq analysis
RNaseq data were accessed from the NCBI Gene Expression Omnibus with accession numbers GEO: GSE80958 (Wang et al., 2016) , GEO: GSE38805 (Fietz et al., 2012) , GEO: GSE65000 (Florio et al., 2015) and the Allan Brain Atlas (http://www.brain-map.org) (Figure 6; Figure S6 ). Raw reads were processed with FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) for initial quality control, where reads with a quality score > 20 and a nucleotide length > 20 were excluded. The processed reads were then mapped to Ensembl annotation files for human (GRCh37) and mouse (NCBIM37) genomes with TopHat (version 2.0.14) (Trapnell et al., 2012) . Reads assigned to annotated genes were quantified with featureCounts (Liao et al., 2014) and used as input for DESeq2 (Love et al., 2014) . The normalized output data were used to compare between orthologous genes of different length. Sequencing data of FLRTs relative to housekeeping genes is presented for cross-species comparisons (GAPDH in Figure 6 and PGK1 in Figure S6) . For the regional cortical comparisons in Figure S6H ,I, the same parameters described in Wang et al., 2016 were used. Briefly, RNA-seq data from early mid-trimester human fetuses at 12-19 pcw from the Allan Brain Atlas was compared to E14 mouse embryonic cortices. Values were log-transformed and expressed relative to GAPDH.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance was determined using one-way ANOVA Tukey's post hoc test or unpaired Student's t test (for comparison between mutant and control mice) with the Prism version 5 (Graphpad Software). Statistical significance was defined as p < 0.05. All values in the text and in the figure legends indicate mean + SEM. Figure 3D ) and of the density of fibers, n = 7 adjacent fibers, n = 8 sulcus fibers (left graph) and n = 12 sections (right graph) from 5 Flrt1/3 DKO brains. (C) E17.5 Flrt1/3 DKO cortex immunostained for laminin (green), a marker for basal membrane, and DAPI (blue). Dashed rectangle is shown with higher magnification on the right and the emerging sulcus is delineated by a red dashed line.
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